Context: Mutations in the GH1 promoter are a rare cause of isolated growth hormone deficiency (IGHD). Objective: To identify the molecular aetiology of a family with IGHD. Design: DNA sequencing, electromobility shift (EMSA) and luciferase reporter assays. Setting: University Hospital. Patients: Three siblings (2M) born to consanguineous parents presented with IGHD with normal pituitary on MRI. Methods: The GH1 proximal promoter, locus control region, five exons and four introns as well as GHRHR gene were sequenced in genomic DNA by Sanger method. DNA-protein interaction was evaluated by EMSA in nuclear extracts of GH3 pituitary cells. Dual-luciferase reporter assays were performed in cells transiently transfected with plasmids containing four different combinations of GH1 allelic variants (AV). Results: The patients harboured two homozygous variants (c.-185T>C and c.-223C>T) in the GH1 promoter within a highly conserved region and predicted binding sites for POU1F1/SP1 and SP1 respectively. The parents and brother were carriers and these variants were absent in 100 controls. EMSA demonstrated absent binding of GH3 nuclear extract to the c.-223C>T variant and normal binding of both POU1F1 protein and GH3 nuclear extract to the c.-185T>C variant. In contrast to GH1 promoter with AV only at c.-185, the GH1 promoter containing the AV only at c.-223 and at both positions drove significantly less expression of luciferase compared with the promoter containing either positions wild type in luciferase reporter assays. Conclusion: To our knowledge, c.-223C>T is the first homozygous point mutation in the GH1 promoter that leads to short stature due to IGHD.
Introduction
Circulating growth hormone (1) is secreted by the anterior pituitary and represents one of the most important hormonal regulators of postnatal linear growth. GH is encoded by the human growth hormone 1 gene (GH1; OMIM*139250), which consists of five exons on the long arm of chromosome 17 (17q23. 3-24.2) . GH1 lies within a Correspondence should be addressed to L R Carvalho Email lucianic@gmail.com cluster of 66 kb containing four other highly homologous genes: CSH1, CSH2, CSHP1 and GH2 (2) .
GH1 was the first gene to be associated with isolated GH deficiency (IGHD) (3) . Patients with IGHD are mainly characterised by growth failure with maxillary hypoplasia, forehead prominence and central obesity. Approximately, 11% of IGHD cases are familial (4) , and four different types of familial IGHD have been identified based on their inheritance patterns: two autosomal recessive (Type IA and IB), one autosomal dominant (Type II) and one X-linked (Type III) (4) . IGHD type IB has been associated with recessive mutations within GH1 or GHRHR, without the development of inactivating antibodies (4) .
GH1 expression is regulated by a proximal promoter region and a distal locus control region (LCR) located 15 kb upstream of the first transcription site. The promoter region is highly polymorphic, and at least 16 single nucleotide polymorphisms (SNPs) have been reported within a 535-basepair segment upstream of the transcription start site (5, 6, 7) . The interaction between the promoter region and activating transcription factors (such as POU1F1 and NF1) or repressive factors (such as SP1) leads to the activation or repression of GH1 expression respectively (8, 9, 10, 11) .
Although several studies have investigated the effect of SNPs and mutations in the promoter region on GH1 expression in both healthy and affected individuals (5, 12, 13, 14, 15, 16, 17, 18) , a mutation in the promoter region leading to IGHD with complete penetrance has never been described. This study describes a double homozygous allelic variant (c.-223C>T and c.-185T>C) in the GH1 promoter region in a consanguineous family with severe isolated GH deficiency. Analysis of this variant suggests that only the c.-223C>T mutation is responsible for the phenotype, expanding the spectrum of known molecular defects responsible for IGHD type IB.
Materials and methods
All participants and controls gave their written informed consent for genetic analyses, which were approved by the Ethical Committee of Hospital das Clinicas -HCFMUSP. The control population consisted of 100 Brazilian adults from whom 30 were male and 70 were female, all older than 20 years old, with normal height ranging from −2.0 to +2.8 SDS.
Hormone assays
Glucose and growth hormone were measured under basal conditions and 15, 30, 45, 60, and 90 min after insulin injection (0.1 U/kg). GH was measured by an immunoradiometric (IRMA) assay with polyclonal antibodies or by an immunofluorometric (IFMA) method with monoclonal antibodies (AutoDELFIA, Wallac, Turku, Finland). The assays were standardised to international standard 80/505 of the World Health Organization, and concentrations from 0.1 to 38 µg/L presented an inter-assay coefficient of variation <10%. GHD was considered when GH peaks after both clonidine and hypoglycaemia stimulation tests were less than 7 µg/L as measured by IRMA or less than 3.3 µg/L as measured by IFMA (19) . Basal IGF-1 concentration was determined by radioimmunoassay after ethanol extraction (DSL, Webster, TX, USA), and basal IGFBP-3 concentration was measured by IRMA (DSL, Webster, TX, USA). The interassay coefficient of variation was <10% for IGF-1 from 18 to 500 µg/L and for IGFBP-3 from 0.14 to 12 mg/L.
DNA analysis
Genomic DNA was extracted from peripheral leukocytes using standard procedures. The proximal promoter, locus control region, five exons and four introns of GH1 and the flanking regions were amplified by PCR (Supplementary  Table 2 , see section on supplementary data given at the end of this article) and directly sequenced by the Sanger method, covering the entire genomic sequence of GH1 (reference sequence: NT_010783.15: from 27 270 352 to 27 268 713 bp). GHRHR (cDNA reference sequence: NM_000823.3) was also amplified as described in a previous report (20) .
Plasmid constructs
The parents' DNA harbouring heterozygous mutations was used as a template for plasmid construction. One set of primers used to amplify a 611 bp region (c.-667 to c.-56, NT_010783.15 of GH1) was designed with modifications to incorporate restriction enzyme sites for Sac I (5′-AAA GGG GAG AGC TCG TGT G-3′) and Bgl II (5′-GGA TCT CTT GTC CTT GAG CAG A-3′). The PCR product was extracted from the gel and purified using a resin column (Qiagen). The purified 611 bp PCR fragment was cloned into the TOPO TA vector (Invitrogen) according to the manufacturer's instructions. The PCR product was released from TOPO TA using the Sac I and Bgl II restriction enzymes. The digested products were submitted to electrophoresis in a 1% agarose gel. The 611 bp insert was extracted and purified using a resin column (Qiagen) and then sub-cloned into the PGL3 basic luciferase vector (Promega).
To evaluate the functional consequences of each allelic variant, four different plasmids were constructed: one containing both sites wild type (-223WT/-185WT), one containing both sites with the allelic variants (-223AV/-185AV), one containing the allelic variant only at position c.-223 (-223AV/-185WT) and the last one containing the allelic variant only at c.-185 (-223WT/-185AV).
Cell culture
The immortalised anterior pituitary cell line GH3 was employed in the transfection studies. We used either the GH3 cell line, which was a gift from Dr Audrey Seasholtz at the University of Michigan, MI, USA, or the GH3 cell line, bought from Banco de Células do Rio de Janeiro (BCRJ) (Catalogue Number 0090, Banco de Células do Rio de Janeiro, Duque de Caxias, RJ, Brazil). The cells were maintained at 37°C/5% CO 2 in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% heat-inactivated foetal bovine serum (Hyclone, Logan, UT, USA) and 1× antifungal and antimicrobial agent (100 units/mL penicillin, 100 µg/mL streptomycin, and 250 ng/mL Amphotericin B) from Invitrogen.
Transient transfection and dual-luciferase reporter assays
Cells were plated in 24-well plates (Thermo Fisher Scientific) at a density of 2.5 × 10 4 cells/well, such that the cells were 60-80% confluent the next day. DNA cocktail was added up to 2 μg/well (0.5-2 μg pGH1 luciferase, 0.001-0.01 μg CMV-Renilla internal control and basic pGL3 expression vector ranging from 0.5 to 2 μg per well to normalise at 1 μg DNA/well). Cells were transfected in 500 μL serum-free DMEM using JetPEI transfection reagent (Polyplus transfection, Illkirch, France) at a ratio 3:1 according to the manufacturer's protocol. Basic pGL3 plasmid driving the luciferase reporter gene was used as a negative control and considered the basal level. Dual-luciferase assays (Promega) were performed according to the manufacturer's protocol and measured using a luminometer with a Synergy HT 96 well plate reader (BioTek). The assays were read after 48 h. The results were normalised to the CMV-Renilla luciferase internal control. All assays were performed in triplicate and repeated at least three times. The results were averaged and expressed as the fold change over the control vector.
Nuclear extract
GH3 cells were incubated in a 75 cm 2 flask to 80%
confluence. Afterwards, the cells were washed twice with ice-cold PBS (10 mM sodium phosphate, pH 7.4, 150 mM NaCl), and 410 µL of lysis buffer was added (100 mM Tris, pH 7.5, containing 10 mM EDTA, 10 mM sodium fluoride 10 mM, 100 mM sodium 11 pyrophosphate, 1% Nonidet P-40 (octyl phenoxypolyethoxylethanol), 1% sodium deoxicholate, 2 mM Na 3 VO 4 , 10 mM NaF, 1 mM PMSF, and 1× protease inhibitor cocktail; mini complete tablets, Roche). The cells were scraped from the bottom of the flask and transferred to an Eppendorf tube. The tube was placed on ice shaking for 1 h. Subsequently, the tube was centrifuged at 14 000 g for 20 min at 4°C, and the supernatant was aliquoted into a cryotube and stored at −80°C.
Electrophoretic mobility shift assays (EMSAs)
Nuclear extracts from GH3 pituitary cells were used as a source of nuclear transcriptional factors to evaluate the functional relevance of the c.-223C>T and c.-185T>C variants. Four oligonucleotides were designed to contain the wild type or the c.-223C>T (-223WT and -223AV respectively) or c.-185T>C (-185WT and -185AV) variants (Supplementary Table 3 ). The constructs were labelled with P 32 as described previously (21) . The sense probe and complementary labelled probes were annealed to produce double-stranded DNA. To assess POU1F1 binding specificity to -185WT and -185AV, mouse monoclonal antibody anti-POU1F1 (Catalogue Number ab 10623, Abcam) and a non-specific antibody anti-HNF-1α (Catalogue Number SC-6547 Santa Cruz Biotechnology) were used in addition to purified POU1F1 protein (Catalogue Number ab114764, Abcam). Binding reactions of the probes (30 000 c.p.m.) were performed by incubating 15 µg protein from a GH3 cell nuclear extract at room temperature for 30 min in 20 µL binding buffer consisting of 20 mM HEPES, pH 7.6, 50 mM KCl, 10% glycerol, 0.2 mM EDTA, 1 mM DTT and 2 µg polydeoxyinosinic-deoxycytidylic acid poly[dI-dC] (Amersham Pharmacia Biotech).
The DNA-protein complexes were electrophoresed on 4% non-denaturing polyacrylamide gels at 4°C in 45 mM Tris, 45 mM borate and 1 mM EDTA buffer. The gels were dried and subjected to autoradiography. Competitive binding assays were conducted under the same conditions, with the addition of 250-to 1500-fold molar excess of unlabelled oligonucleotides. To determine the specific band in the EMSA, an anti-POU1F1 antibody and a nonspecific antibody (anti-HNF-1α) were pre-incubated with GH3 nuclear extracts for 90 min in binding buffer. After the pre-incubation of nuclear extract and anti-POU1F1, the labelled probes were added to the complex.
Bioinformatic analysis
Putative binding sites in the GH1 promoter region were predicted using Alibaba 2.1 (http://www.gene-regulation. com/pub/programs/alibaba2/index.html).
Statistical analysis
SigmaStat version 3.5 (Systat Software Inc, Chicago, IL, USA) was used for data analysis. Comparisons between two groups were performed using Student's t-tests or MannWhitney tests where appropriate. Bonferroni adjustment was employed for multiple testing, and a value of P < 0.05 was considered significant. The data are presented as the mean and standard deviation (s.d.).
Results

Clinical features
Three siblings (2 males) born to consanguineous parents were referred to our department due to short stature. Their parents are first cousins and have short stature (father's height SDS = −2.3, mother's height SDS = −2.5). The patients have a brother with normal height (brother's height SDS = −1.5). The affected siblings had proportionate severe postnatal short stature at first visit, with height SDSs ranging from −4.1 to −5.8 (Fig. 1) . When first evaluated, they had low IGF-1 and IGFBP-3 levels, decreased GH response to insulin tolerance tests (GH peak ranging from 3.5 to 4.8 µg/L, polyclonal antibody IRMA) and normal TSH, cortisol, prolactin and gonadotrophin levels (Supplementary Table 1 ). The oldest sibling (II.1) was treated for a short duration with low doses of pituitary-GH (0.1 mg/kg/week divided into equal daily doses given 3 days/week), and his final height was 145 cm (height SDS = −4.5). His sister (II.2) achieved a final height of 137 cm (height SDS = −4.2) without GH treatment. The youngest brother (II.4) was treated for 9 years, initially taking pituitary-GH (0.1 mg/kg/week divided into equal daily doses given 3 days/week), followed by a daily dose of 0.33 mg/kg of human recombinant GH and 0.45 mg/kg during puberty; the youngest brother reached a final height of 161 cm (height SDS = −2.1). The patients spontaneously developed normal puberty, although the youngest one had pubertal development blocked for 1 year to achieve a greater final height. At adulthood (after the suspension of GH replacement), the patients were submitted to insulin tolerance tests, which confirmed isolated GH deficiency (GH responses ranging from 0.5 to 2.5 µg/L by monoclonal antibody IFMA) (Supplementary Table 1 ). The three patients had normal pituitary at MRI, with eutopic posterior pituitary lobe, normal pituitary size and patent pituitary stalk.
A double allelic variant in the proximal promoter region of growth hormone gene (GH1)
The three affected siblings harboured four homozygous variations in GH1; these variants were described previously as rare heterozygous allelic variants. Two of the variants are located in intron 1 (c.53+52A>G: rs41318515 and c.53+56A>T: rs41318516, cDNA reference sequence: NM_000515), and the other two are located in the GH1 promoter region (c.-223C>T: rs41295015 and c.-185T>C: The brother with normal stature was homozygous for variants c.53+52A>G and c.53+56A>T, leading to the conclusion that these were not the genetic basis of isolated growth hormone deficiency in the siblings.
Although the variants c.-223C>T and c.-185T>C were previously identified in controls, they have never been found in the homozygous state (18) . Furthermore, the parents and brother with normal stature are heterozygous for both variants ( Supplementary Fig. 1 ), and these changes were not observed among 200 Brazilian control alleles.
To understand the relevance of these variations, we performed in silico analysis using Alibaba2.1 available on TRANSFAC, which suggested that c.-223C is located within the binding site for the transcription factor SP1, while c.-185T is located in a binding site for the transcription factors POU1F1 and SP1. Moreover, in silico analysis also predicted that the c.-223C>T variant would lead to a loss of the SP1 binding site and c.-185T>C would lead to a loss of the POU1F1 binding site, whereas the SP1 binding site would remain intact (Supplementary Fig. 2) .
Interestingly, both variants are present in GH1 paralogues; c.-223C>T is present in GH2 and CS1 sequences, c.-185T>C is present in GH2 sequence (14) .
Decreased GH1 expression in the mutant
Dual-luciferase reporter assays were performed to test the functional relevance of the c.-223C>T and c.-185T>C allelic variants associated with haplotype 8. Plasmids containing the wild-type (-223WT/-185WT) and allelic variant sequences (-223AV/-185AV) were constructed, and GH3 cells from Dr Audrey Seasholtz were transiently transfected with these constructs. A basic pGL3 plasmid was used as blank control. The heterozygous variants (6) were simulated by simultaneously transfecting equal amounts of the -223WT/-185WT and -223AV/-185AV constructs. GH3 cells are a rat cell line that expresses POU1F1 and SP1 and other nuclear transcriptional factors that are necessary for GH1 expression.
A total of 500 ng of plasmid DNA containing the GH1 promoter was transfected, and the heterozygous state was simulated with transfection of 250 ng of -223WT/-185WT and 250 ng of -223AV/-185AV. The -223WT/-185WT promoter drove significantly greater expression of luciferase compared with the -223AV/-185AV variant promoter (1.7 ± 0.2 vs 1.1 ± 0.3, P ≤ 0.001), although this amount was roughly equal to that of the simulated heterozygote ( Fig. 2A) . Similarly, the transfection of 1000 ng of GH1 promoter plasmid DNA also led to greater expression of luciferase in cells transfected with -223WT/-185WT than cells transfected with -223AV/-185AV (2.3 ± 0.4 vs 1.3 ± 0.3, P ≤ 0.001). However, this level was not greater than that attained by cells transfected with simulated heterozygous (which consisted of transfection of 500 ng of -223WT/-185WT and 500 ng of -223AV/-185AV) (2.3 ± 0.4 vs 2.4 ± 0.5, P = 0.609) ( Fig. 2A) .
To evaluate the effect of c.-223C>T and c.-185T>C variants on phenotype individually, plasmids containing mutation only at position c.-223 (-223AV/-185WT) and only at position c.-185 (-223WT/-185AV) were constructed, and GH3 cell line from BCRJ was employed. Transfection of 2000 ng of -223AV/-185WT plasmid DNA resulted in significantly lower luciferase activity compared with both -223WT/-185WT (2.2 ± 0.9 vs 5.5 ± 1.8, P = 0.001) and -223WT/-185AV (2.2 ± 0.9 vs 8.0 ± 4.3, P = 0.016; Fig. 2B ), while -223WT/-185AV drove significantly higher expression than -223AV/-185AV (8.0 ± 4.3 vs 3.2 ± 1.8, P = 0.016). Although the expression of -223WT/-185AV was higher than -223WT/-185WT (8.0 ± 4.3 vs 5.5 ± 1.8, P = 0.086) and the expression of -223AV/-185WT was lower than -223AV/-185AV (2.2 ± 0.9 vs 3.2 ± 1.8, P = 0.067), neither of these differences were statistically significant (Fig. 2B) .
EMSA demonstrated that c.-223C>T leads to the loss of GH3 nuclear extract binding site, while c.-185T>C does not affect SP1/POU1F1 binding sites Because c.-223C>T led to decreased GH1 expression, an electrophoretic mobility shift assay (EMSA) was performed to determine whether the variants c.-223C>T and c.-185T>C would lead to loss of the interaction between transcriptional factors and the GH1 promoter region.
To study the impact of the c.-223C>T variant, probes containing the wild-type c.-223 (-223WT) sequence and the variant (-223AV) were incubated with a nuclear extract of GH3 cells (Supplementary Table 3 ). As expected, the -223WT probe interacted with the GH3 nuclear extract, forming a labelled band (Fig. 3) ; this band was specific, as it was completely cleared by the addition of increasing amounts of unlabelled wild-type probe. The interaction between the GH3 nuclear extract and the -223AV probe did not result in any labelled band, suggesting that c.-223C>T leads to a loss of the interaction between nuclear transcription factors and the GH1 promoter.
The impact of c.-185T>C was examined using probes containing the wild-type (-185WT) sequence and the allelic variant (-185AV) at position c.-185 and a GH3 nuclear extract (Supplementary Table 3 ). The GH3 nuclear extract and the wild-type probe formed a specific complex, which was totally cleared by competition with increasing amounts of unlabelled wild-type probe. This complex was formed between the GH3 nuclear extract and the mutant probe (Fig. 4) .
Purified POU1F1 protein, as well as -185WT and -185AV, were used to test whether c.-185T>C has a specific effect on the interaction between POU1F1 and the GH1 promoter as suggested by Alibaba2.1. POU1F1
and -185WT interacted with each other in a complex (Fig. 5 ) that was partially cleared by the addition of an anti-POU1F1 antibody but not by the addition of a nonspecific antibody, indicating that the interaction was specific. Moreover, increasing amounts of unlabelled wildtype probe also eliminated this complex. A comparison of the -185WT/POU1F1 and -185AV/POU1F1 complexes showed no significant differences (Fig. 5) , suggesting that the POU1F1 binding site was preserved.
Discussion
Although several studies have described genetic variations in the GH1 promoter region and their effect on GH1 expression (5, 12, 13, 14, 15, 16, 17, 18) , a point mutation in the promoter region that leads to IGHD with complete penetrance has never been found.
In this study, we investigated the genetic basis of IGHD type IB in three siblings born to consanguineous parents. The patients had promoter haplotype 8, based on the nomenclature defined by Horan et al.; this haplotype was described previously as being homozygous in normal controls (5) . In addition to this haplotype, the patients harboured four homozygous variations in the GH1 promoter that were described previously as rare heterozygous allelic variants. Two of these variations were found in intron 1 (c.53+52A>G: rs41318515 and c.53+56A>T: rs41318516) and were homozygous in the brother with normal stature, suggesting that they did not lead to IGHD in the affected siblings.
The other two variations (c.-223C>T: rs41295015 and c.-185T>C: rs71651677) were found in the GH1 promoter region, and both fall within two conserved transcription factor binding sites. Although these variations have been described in normal controls (18), they have not been described as being homozygous and have never been described together.
In our study, a promoter construct containing both variations resulted in significantly reduced expression of luciferase. Furthermore, the luciferase activity was similar in the transfection of both -223WT/-185WT and HET, suggesting that there is no dominant negative effect.
Interestingly, Millar et al. showed that the variant c.-185T>C did not lead to reduced luciferase expression in a transient transfection assay. In fact, this variant caused an increase (153%) in luciferase activity in GC cells relative to the wild type (18) .
Our findings are consistent with those of Millar et al. (18) because the plasmid -223AV/-185WT showed significantly reduced expression of luciferase compared with -223WT/-185WT and to -223WT/-185AV. Meanwhile -223WT/-185AV drove higher expression than -223AV/-185AV and -223WT/-185WT (although the difference in the expression drove by -223WT/-185AV and by -223WT/-185WT was not statistically significant), suggesting that the c.-185T>C variant does not have a negative effect.
The c.-223C>T variant has also been shown to negatively affect the interaction between the GH1 promoter region and nuclear transcription factors (i.e. those present in the GH3 nuclear extract), suggesting that this variant decreases GH1 expression due to the loss of this interaction. Nucleotide C at this position is well conserved through human, Rhesus, dog and elephant, although it is not conserved in mice, which present a guanine (G) at this position according to UCSC genome browser (https://genome.ucsc.edu/cgibin/hgTracks?db=hg38&las tVirtModeType=default&lastVirtModeExtraState=&virtM odeType=default&virtMode=0&nonVirtPosition=&posit ion=chr17%3A6391899963918999&hgsid=488898305_ DGErgACOe83O9wySteAdlnTqUTk4).
Although c.-185T>C was predicted to be located in the binding site for POU1F1 and SP1 based on Alibaba2.1 analysis, EMSA did not indicate the loss of an interaction between -185AV and GH3 nuclear extract or purified POU1F1 protein, suggesting that this variant is not deleterious.
In this context, c.-223C>T is the deleterious variant that likely leads to IGHD type IB in the three affected siblings.
Position c.-223 is located at the predicted binding site for SP1 according to Alibaba2.1 analysis and, according to in silico prediction, the mutation c.-223C>T would lead to loss of SP1 binding to GH1 promoter. The transcriptional factor SP1 may act as either activator or repressor of gene expression depending on numerous variants as cell type, concentration of other intracellular proteins such as SP3 and post-translational modifications of SP1 protein, i.e. glycosylation, phosphorylation and sumoylation (8, 22) . Although SP1 is considered a repressor of GH1 expression, as interaction between SP1 and its binding site located at c.-163 of GH1 promoter decreases GH1 expression (8) , interaction between SP1 and the binding site located at c.-223 was not previously studied, and at this position, SP1 could act stimulating GH1 expression. Moreover, in silico analysis may have not identified other activator transcriptional factors that bind to GH1 promoter at c.-223. Further studies are necessary to clarify the role of SP1 as a regulator of somatotroph GH1 expression and the transcriptional factors that bind to GH1 promoter at c.-223.
To our knowledge, this is the first report of a point mutation in the GH1 promoter region associated with IGHD with complete penetrance, expanding the molecular aetiology of IGHD type IB and reinforcing the role of the promoter region as a major regulator of GH1 expression.
